Trabecular bone structure is determined by a balance between osteoblastic bone formation and osteoclastic bone resorption, which is regulated partly by osteocytes according to their mechanical environments. There have been a number of studies on bone remodeling in response to mechanical stimuli, mainly in the physiological range. This study uses a mathematical model previously formulated for surface remodeling available even for disuse and overuse ranges considering osteocyte apoptosis and targeted remodeling. Thus, the present model allows exhibiting the changes of trabecular bone structure under, below, and beyond the daily loading condition. In this study, we carried out computer simulation of bone remodeling in human femur under normal daily loading condition and reduced weight-bearing conditions (infrequent and cane-assisted walking conditions). Decreased trabecular bone with reducing loading condition was shown, and the trabecular bone structure at various degrees of disuse was consistent to Singh Index for osteoporosis diagnosis.
Introduction
Trabecular bone structure is continuously renewed by remodeling, that is, the alternately-repeated events of local bone resorption and formation. Their imbalance, leading to bone loss or gain, is under the influence of mechanical stimuli on trabeculae (1) ~ (4) .
Therefore, trabecular bone structure varies in a manner dependent on the magnitude, direction, and frequency of skeletal loading. Reduced skeletal loading causes trabecular bone loss in humans and other animals. Skeletal unloading during space flight resulted in bone loss (5) , (6) , and the unloading-induced deficit in bone mineral density was observed in human bed rest studies (7) ~ (9) . In postmenopausal woman, the statistics analysis showed the correlation between body mass index and osteoporosis (10) , (11) . The experimental and simulation results showed that tail suspension induces reduced bone formation in rat tibiae (12) ~ (14) . Furthermore, the predominant effect of unloading was found to be the down-regulation of osteoblast activity possibly with the up-regulation of osteoclast activity in canine studies (15) ~ (16) . It is clear from these studies that reduced skeletal unloading causes bone loss through the imbalance between bone formation and resorption.
Mechanostat theory gives us a basic frame work to grasp the mechanical adaptation by bone remodeling (17) . Computational studies of bone remodeling have been carried out for quantitative predictions of bone formation and resorption on the basis of this theory (18) ~ (25) . However, in those studies, the attention has been focused mainly on the physiological range of mechanical stimuli called "the physiological window (PW)". Because the mechanical stimuli to bone are not limited only to the physiological range, it is worth considering a mathematical model of bone remodeling available over the wide range of mechanical stimuli.
In this study, to investigate trabecular bone loss and structure changes under reduced weight-bearing conditions, we use a surface remodeling model proposed in the previous report (26) . In this model, based on the mechanostat theory, we assumed that in a low strain range (disuse window, DW), bone resorption occurs at an accelerated rate with the decrease in strain owing to low strain-induced osteocyte apoptosis and that in a high strain range (overuse window, OW), bone formation occurs at an accelerated rate with the increase in strain (targeted remodeling). In PW, bone formation or resorption was assumed to occur stochastically according to the degree of local stress non-uniformity (21) . Using this model, we carried out the computer simulation for trabecular bone remodeling in human femur under the conditions of bed rest, decreased walking, and cane-assisted walking.
Methods
Trabecular structure was discretized using voxel finite elements, as shown in Fig. 1 . Trabecular resorption/formation is expressed by removing/adding voxel elements referring to the equivalent strain ( ε ) estimated by finite element analysis. In the present model of trabecular surface remodeling, we considered three windows, PW, DW, and OW, which were distinguished by the threshold value of equivalent strain: DW for ε <ε du , PW for ε pl < ε < ε pu , and OW for ε >ε ol (Fig. 2) . The quantity of removing/adding trabecular elements is calculated by activation frequency and probability of bone resorption/formation. We set the rules for bone resorption and formation in each window. Outline of the surface remodeling model used here is described in the following section. 
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Mathematical model for surface remodeling
In PW of pl pu ε ε ε < < , the non-uniformity of the stress/strain distribution was taken as driving stimuli (21) ~ (25) . For the voxel representing a point c on bone surface, the degree of local stress non-uniformity Γ c was quantified as
where σ c denotes the stress at the point c and σ i denotes the representative stress at a point i with the distance l i c apart from c. The weight function w(
with distance, within the sensing distance l L . The probability of bone resorption or formation at the point c is determined by f(Γ c ), which is illustrated in Fig. 3 , where Γ u and Γ l denote the lower and upper thresholds, respectively. When f(Γ c ) = 1, bone formation occurs, resulting in the addition of voxel elements added around the surface point c, and when f(Γ c )=-1, bone resorption occurs, resulting in the subtraction of voxel c. No change occurs at and around c when f(Γ c )=0. Moreover, in the cases of 0 < Γ c ≤ Γ u and Γ l ≤ Γ c < 0, bone formation and resorption occurs stochastically according to probability f(Γ c ). In this study, one-simulation step time was assumed to correspond to a bone turn-over period in PW; that is, one process of voxel removal or addition works in one simulation step in PW. Here, activation frequencies for bone resorption (AF r ) and formation (AF f ) were defined as turn-over frequency for bone resorption and formation per simulation step, respectively, i.e., relative rate for bone resorption and formation based on those in PW (AF f = AF r = 1 in PW). In DW of du ε ε < , only bone resorption becomes dominant, and the activation frequency of resorption becomes larger as the strain becomes smaller due to the osteocyte apoptosis. Thus, the probability of bone resorption is unity, i.e., P DW = 1 and f(Γ c ) = -1. The activation frequency for bone resorption AF r increases exponentially with the decrease of strain at point c (ε c ) and reaches saturation (AF r =AF rmax ) when ε c =ε min (Fig. 4(a) ) (27) ~ (29) .
In OW of ol ε ε < , bone formation via targeted remodeling has been reported (30) , (31) .
The probability of bone formation as the result of remodeling turnover is unity, i.e., P OW = 1 and f(Γ c )=1. The activation frequency for bone formation AF f , assumed by a sigmoid function defined over the strain range of ε ol to ε max ( Fig. 4(b) ), increases with ε c and reaches saturation (AF r =AF fmax ) when ε c =ε max (Fig. 4(b) ). It is noted that the pathologically large mechanical stimuli is not considered here. Mathematical models of bone remodeling established in DW, PW, and OW were integrated by introducing transition regions (26) . In the transition region du pl ε ε ε < < between DW and PW or the transition region pu ol ε ε ε < < between PW and OW, the probability of bone resorption P r * or formation P f * was given by a linearly weighed sum of -P DW or P OW and f(Γ c ). The resorption and formulation probabilities and the threshold values for remodeling simulation are summarized in Eqs. (2)- (4) 
Using this integrated model, trabecular bone structure was simulated by the following procedures.
(1) The initial shape of the trabecular bone is discretized by voxel finite elements and Young's modulus and Poisson's ratio are given. (2) The equivalent stress and strain distributions are determined under a given boundary condition. (3) The probabilities P f * and P r * of bone formation or resorption are calculated for every voxel on bone surface by Eqs. (2)-(4). (4) The activation frequency AF f and AF r of bone formation or resorption are calculated for every voxel on bone surface. These are rounded to the nearest integer number and truncated by AF fmax or AF rmax . (5) Bone surface movement (voxel removal or addition) is determined stochastically based on P f * and P r *. (6) For voxels with activation frequency AF r or AF f larger than one, the same surface movements in procedure (5) are repeated AF r or AF f times. (7) Procedures (2)- (6) are repeated until equilibrium is achieved. (It is noted that activation frequency is rounded to the nearest integer number in simulation.) (17) ε max 10000[µε] (17) ε du 50[µε] (17) AF rmax 3 (29) ε pl 100[µε] (17) AF fmax 3 (31) ε pu
Γ l -1 (21) ε ol
Γ u 1
Finite element model of human proximal femur
The three-dimensional profile of human proximal femur is reconstructed using computer tomography (female, 70 years, hip osteoarthritis), the resolution of the images was 0.7 mm so that the entire volume could be captured with slice image of 512×512 cubic voxels. As the initial trabecular structure in proximal femur, a random trabecular structure was given by the random-placement of hollow spheres with inside and outside diameters of 2100 and 4200 µm, respectively ( Fig. 6 (a) ). One voxel was transferred to one finite element of eight node brick element. The isotropic elastic body with Young's modulus of 20.0 GPa and Poisson's ratio of 0.3 was assumed for trabecular bone material. The cortical outer surface was fixed throughout the remodeling simulation, and the intra-structure, from the head to mid-shaft, was remodeled in accordance with the same remodeling procedure. The fixed boundary conditions are imposed on the distal end. Using the initial structure, we carried out the remodeling simulation under the daily loading condition (Fig. 6(b) ) (26) . In the daily loading condition, we considered the one-legged stance, abduction, and adduction, which accounted for 60, 20, and 20% of this condition as illustrated in Fig. 7 . The loading magnitudes and frequencies of these three stances were shown in Table 2 (19), (21) . The extreme ranges of motion of abduction and adduction were assumed. The trabecular structure obtained under this daily loading condition was referred to as the normal structure and also used for the initial structure for the remodeling simulation under reduced weight-bearing conditions. Two reduced weight-bearing conditions were considered here: infrequent walking and cane-assisted walking. In the infrequent walking condition, we wedged the interval with no loading into the daily loading condition; that is, the infrequent walking condition consisted of unloading and the daily loading conditions ( Table 3 ). The rate of unloading interval changed from 10 to 70% while the proportions of one-legged stance, abduction, and adduction were remained unchanged. In the cane-assisted walking, we referred to the study on relative changes in muscle activity and kinetics during cane-assisted walking (32) . The cane use reduced the demand on the hip abductors and decreased joint compression forces related to muscle contraction in the contralateral side. We calculated joint force and hip abductor force at various rates of leaning force when using a cane (Table 4) . That is, in the infrequent walking, the number of loading cycles per day decreased from the daily-loading condition (Table 2) while the same loading forces were applied to the femur; in the cane-assisted walking, the numbers of loading cycles per day remained unchanged but the loading forces were reduced according to the leaning force from the daily-loading condition. 1000  5400  1800  1800  20%  2000  4800  1600  1600  30%  3000  4200  1400  1400  40%  4000  3600  1200  1200  50%  5000  3000  1000  1000  60%  6000  2400  800  800  70% 7000 1800 600 600 * The interval with no loading is embedded into the daily loading condition as unloading (14) .
The cycle number corresponds to the interval length of unloading condition. 
Results
The trabecular structure of the human proximal femur under the infrequent walking condition was shown for each rate of unloading interval and the initial, i.e., normal trabecular structure was also shown in Fig. 8 . Initial structure resembles to that the observed in the cross sectional pattern diagram of normal human femur, as shown in Fig. 9 . In the initial structure, all the normal groups of trabecular are visible; the compressive and tensile trabecular bones cross each other and the upper end of femur is completely occupied by cancellous tissue. Even Ward's triangle shows some thin trabecular bone (33) .
Increasing the rate of unloading interval led to the increased bone loss, first in the femoral head and the greater trochanter. Ward's triangle was emptier in the higher rate of unloading frequency. Subsequently, the secondary compressive group disappeared and the principal tensile group became thinner with further increasing of the rate of unloading. When unloading level increased up to 70%, the principal compressive group little remained although the greater trochanter group was still observed clearly. Figure 10 shows the trabecular structure changes under cane-assisted walking conditions. Using cane decreased joint compression forces related to muscle contraction in the contralateral side (Table 4) . Bone loss attracts attention on the greater trochanter group and Ward's triangle became clear when reducing hip abductor forces. Similarly as in Fig. 8 , subsequent disappearing of the secondary compressive group and the thinning of the principal tensile group were observed with further increasing of the rate of unloading. However, bone loss in the trabecular femoral head differed from that under the infrequent walking condition. The hip joint load will be involved in this difference.
Clinically, the correlation of bed rest (reducing loading frequency) and muscle activity has been reported. The disuse of bed rest with diseases accompanies with reduced muscle activity, and then leads to the cane use for walking. Thus, we simulated the trabecular remodeling by integrating the two reduced weight-bearing conditions. Figure 11 shows that trabecular loss increased with increasing in the rate of unloading interval. Combination of reductions of loading frequency and loading forces relatively accentuated the structure of principal compressive and principal tensile groups and enhanced the thinning of the secondary compressive trabecular bone. Therefore, empty Ward's triangle is clearly observed. Further increase in the rate of unloading interval led to a marked reduction of tensile trabecular bone and discontinued the principal tensile group. Thus, the tensile trabecular bone is observed only in the upper part of the femoral head, where trabeculae are still comparable in density to the principal compressive trabeculae. Finally, even the principal compressive group became less obvious. 
Discussion
Trabecular structure of the proximal femur is remodeled differently in response to various forms of mechanical stimulation (1) , (2) . In this study, we investigated that the structure changes of human trabecular bone under the reduced weight-bearing conditions by a surface remodeling model (26) , in which osteocyte apoptosis plays a crucial role below a physiological strain range (28) . The reduced weight-bearing conditions were imposed by assuming infrequent or cane-assisted walking. Depending on the reduced weight-bearing conditions, the trabecular structure reached different equilibrium structures even if the same initial structure and model parameters are used. In all cases, trabecular bone loss occurred in relation to the mechanical stimuli, although there was a regional difference in the pattern of bone loss between the two conditions. In the infrequent and cane-assisted walking conditions, significant bone loss occurred in the great trochanter and in the femoral head, respectively.
In the results of imposing the condition combining two reduced weight-bearing conditions, we found out the clinically observed trabecular structure in osteoporotic human proximal femur. The description for degree of osteoporotic trabecular structure (Singh Index) is shown in Table 5 . The present simulations showed that decreasing mechanical stimuli enhanced the degree of osteoporosis along with the grade defined by Singh et al (33) . Figure 11 shows trabecular loss at various degrees of unloading. In the initial structure ( Fig.  11(a) ), all groups of trabecular bones are visible, which corresponds to Grade 6 in Singh index (Table 5 ). The compressive and tensile trabeculae intersect each other and the upper end of the femur is completely occupied by cancellous rich structure. Ward's triangle is not clearly delineated and there are some thin trabeculae in it. With increasing the proportion of unloading, there occurs an apparent accentuation of the structure of the principal compressive and principal tensile groups, while the secondary compressive trabeculae became thinner (Grade 5, Fig. 11 (b)~(c)). As a result, an empty region appears in Ward's triangle. Further increase in the proportion of unloading leads to the marked reduction in the tensile trabecular bones (Grade 4, Fig. 11(d) ~(e)); in due course, discontinuity occurs in the principal tensile group. At the stages of Fig. 11 (e) and (f), the tensile trabeculae are seen only in the upper part of the femoral head, where the trabeculae are still comparable in density to the principal compressive trabeculae (Grade 3). Finally, even the principal compressive group ceases to stand out (Grade 2, Fig. 11(g) ) and decreases markedly in number (Grade 1, Fig. 11(h) ). Therefore, the present remodeling model may be used to study the trabecular bone loss in disuse-mediated osteoporosis. Bone resorption-dominant remodeling, introduced into the present model to consider the effect of osteocyte apoptosis under low strain stimuli, may be essential in predicting the osteoporotic change of trabecular bone structure. Finite element analyses were conducted for normal and osteoporotic human femurs obtained by remodeling simulation, and trabecular bone stress and strain were examined for a spherical volume of interest in the femoral head (34) . Figure 12 shows the distribution of voxel at different stress/strain for the normal femur of Fig. 11(a) and an osteoporotic femur of Fig. 11 (b) that is obtained under the disuse loading condition of reduced loading frequency and force. Solid and broken blue lines distinguish the stress/strain distribution for osteoporotic femur under standard and disuse loading conditions, respectively. Trabecular bone stress and strain in the osteoporotic femur were distributed more uniformly than those in the normal femur. In the osteoporotic femur, trabecular bones orthogonal to the alignment of the principal compressive group (non-principal trabeculae) are relatively-scarce because osteocytes in those trabeculae, especially in non-principal group originally exposed to relatively small loading, are susceptible to apoptosis when subjected to the disuse condition, resulting in scarcely distributed non-principal trabeculae. Consequently, trabeculae undergoing relatively-low stress/strain decrease and the peaks of stress and strain distributions increased in the osteoporotic femur. Trabeculae in principal compressive group are likely to preserve their role of relatively high load-bearing even under the disuse condition. Grade 6 All the normal trabecular groups are visible and the upper end of the femur seems to be completely occupied by trabecular bone.
Grade 5
The structure of principal tensile and principal compressive trabeculae is accentuated. Ward's triangle appears prominent.
Grade 4
Principal tensile trabeculae are markedly reduced in number but can still be observed in lateral cortex to the upper part of the femoral neck.
Grade 3
There is a break in the continuity of the principal tensile trabeculae opposite the greater trochanter. This grade indicates definite osteoporosis.
Grade 2
Only the principal compressive trabeculae stand out prominently; the others have been resorbed more or less completely.
Grade 1
Even the principal compressive trabeculae are markedly reduced in number and are no longer prominent.
Conclusion
A mathematical model of trabecular bone remodeling, which could account for disuse-accelerated bone loss and overuse-mediated targeted remodeling, was used for predicting the changes of trabecular bone structure in human femur under infrequent and cane-assisted walking condition. Compared with the structure derived under normal daily loading condition, trabecular bone reduced with increased degree of disuse in a manner consistent to Singh Index, diagnostic criterion for the stage of osteoporosis progression. Thus, the present remodeling model is effective in bone remodeling simulation under reduced loading condition.
